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ABSTRACT

Pool Boiling on Nano-Finned Surfaces. (December 2007)
Sharan Ram Sriraman, B.E., Hindustan College of Engineering, India

Chair of Advisory Committee: Dr. Debjyoti Banerjee

The effect of nano-structured surfaces on pool boiling heat transfer is explored in this
study. Experiments are conducted in a cubical test chamber containing fluoroinert
coolant (PF5060, Manufacturer: 3M Co.) as the working fluid. Pool boiling experiments
are conducted for saturation and subcooled conditions. Three different types of ordered
nano-structured surfaces are fabricated using Step and flash imprint lithography on
silicon substrates followed by Reactive Ion Etching (RIE) or Deep Reactive Ion Etching
(DRIE). These nano-structures consist of a square array of cylindrical nanofins with a
longitudinal pitch of 1 mm, transverse pitch of 0.9 mm and fixed (uniform) heights
ranging from 15 nm — 650 nm for each substrate. The contact angle of de-ionized water
on the substrates is measured before and after the boiling experiments. The contact-angle
is observed to increase with the height of the nano-fins. Contact angle variation is also

observed before and after the pool boiling experiments.

The pool boiling curves for the nano-structured silicon surfaces are compared with that
of atomically smooth single-crystal silicon (bare) surfaces. Data processing is performed
to estimate the heat flux through the projected area (plan area) for the nano-patterned

zone as well as the heat flux through the total nano-patterned area, which includes the

iii



surface area of the fins. Maximum heat flux (MHF) is enhanced by ~120 % for the nano-
fin surfaces compared to bare (smooth) surfaces, under saturation condition. The pool
boiling heat flux data for the three nano-structured surfaces progressively overlap with
each other in the vicinity of the MHF condition. Based on the experimental data several
micro/nano-scale transport mechanisms responsible for heat flux enhancements are
identified, which include: “microlayer” disruption or enhancement, enhancement of
active nucleation site density, enlargement of cold spots and enhancement of contact

angle which affects the vapor bubble departure frequency.
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NOMENCLATURE

Acy - Top circular area of copper block (cm?)

Ap - Total bare surface area on the test surface (sz)

Ay - Test surface area exposed to boiling (cm?)

Ay - Total area of nano-patterned squares on the test surface (cm?)
A - Total nano-finned area exposed to boiling (sz)

h - Height of nano-fin (cylindrical or frustum of cone) (nm)
kcu - Thermal conductivity of copper (W/mK)

| - Slant height of nano-fin (frustum of cone) (nm)

n - Number of nano-fins per nano-finned square

N - Number of nano-finned squares on the test surface

qdcu” - Heat flux through the copper block (W/em?)

qv” - Heat flux through the smooth silicon surface (W/em?)
qw’ - Heat flux through the test surface (W/em?)

qn” - Heat flux through the nano-patterned plan area (W/em?)
Qnc” - Heat flux through the nano-patterned area (W/em?)
dcur’ - Heat flux at CHF (Critical Heat Flux) (W/cmz)

Qcu - Total heat passing through the copper block (W)

Qw - Total heat through the exposed test surface (W)

r - Radius of cylindrical nano-fin (nm)

I - Smaller radius of nano-fin (frustum of cone) (nm)



) - Larger radius of nano-fin (frustum of cone) (nm)

Tey - Temperature of top of copper block (°C)

Ty - Wall temperature of test surface (°C)

Tcur - Temperature at CHF (°C)

Teat - Saturation temperature of test liquid — PF5060 (56 °C)

T, - Thermocouple2 (0.125” from top of Cu block) temperature reading (°C)
Ty - Thermocouple9 (0.875” from top of Cu block) temperature reading (°C)
AT - Temperature difference between T, and Tg (°C)

(AT)wan - Wall superheat (°C)

(AT)sup - Test liquid (PF5060) sub-cooling (°C)

ON - Uncertainty in heat flux (W/cmz)

oy - Uncertainty in thermal conductivity of copper (W/mK)

O - Uncertainty in temperature reading T, (°C)

M79 - Uncertainty in temperature reading Ty (°C)

WAx - Uncertainty in AXx measurement (cm)

X -qQw /qp”

Ax - Distance between temperature measurement positions, 2 and 9 (cm)

& - Thickness of film at the interline region (nm)
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1. INTRODUCTION

Recent advances in technology have led to the development of electronic devices with
enhanced speeds and augmented computational capabilities with a concomitant increase
in power density. Advances in manufacturing capabilities have enabled the shrinking of
the device sizes. The combined effect of increasing power and speed as well as shrinking
device size has resulted in an ever-increasing requirement for dissipation of high heat
fluxes. Increase in power density causes additional requirements for cooling these
devices. This presents a tough challenge as far as cooling schemes for these systems are

concerned.

Thermal considerations in the design of high-heat-flux electronic devices play a major
role because the computational performance is limited by the operating temperature of
these devices. Literature data in this field can be found as early as the 1920s [1].
Conventional cooling schemes include natural and forced convection. While more
efficient cooling was realized with forced convection compared to natural convection,
researchers predict that direct liquid cooling accompanied with phase-change is required

to meet the cooling needs of future devices.

This thesis follows the style of IEEE Transactions on Components and Packaging
Technologies.



It is expected that the average heat flux for high performance chips will exceed 150
W/cm? in the near future with non-uniformities in power dissipation resulting in hot-
spots with heat fluxes approaching 1 kW/cm?® [2]. Actual application of boiling in
electronics applications was noted as early as 1935 by Mouromtseff and Kozanowski [3]
where they refer to sub-cooled boiling of the coolant for cooling high power vacuum

tubes.

Boiling is simply the rapid vaporization of liquid when the liquid is in contact with a
heated surface. For boiling to occur, the fundamental requirement is that the heated
surface temperature should exceed the saturation temperature of the liquid in contact.
The temperature difference between the two at any time is typically called the
“superheat” or “wall superheat”. During boiling incipience, the local superheat causes
the first set of bubbles to nucleate. The nucleated bubbles grow in size until the
buoyancy forces overcome the capillary forces. When buoyancy forces exceed the
capillary forces (as well as the inertia and drag forces from the liquid and vapor phases)
these vapor bubbles are released from the surface in to the pool of liquid. The rising
vapor bubbles drag a part of the bulk fluid in contact with the bubble to the surface of
the liquid pool. Thus, there is a constant pumping action which is the principle of

“«

operation of these “ virtual thermosyphons” [4]. The advantage of pool boiling over

flow boiling systems is that no external pumping source is required for coolant flow.



As the surface temperature is increased, more vapor bubbles are formed (bubble
nucleation) and released thus dissipating increasing amounts heat from the heated
surface into the liquid pool. There is however a limiting point when too many bubbles
coalesce at the surface thus interfering with the supply of bulk fluid to the surface. This
occurs because vapor bubbles are formed at a faster rate than they are released.
Photographic studies [5, 6] suggest that these bubbles merge laterally to form “vapor-
mushrooms” and sometimes vertically to form “vapor-jets”. These vapor mushrooms are
periodically formed and then swept away by buoyancy forces and/or liquid drag forces.
This process reduces the liquid supply to the surface ultimately resulting in the pool
boiling system to transition into film boiling. When film boiling occurs the pool boiling
heat flux is reduced from that of the nucleate boiling. In this regime, the vapor film on
the surface acts like an insulator and reduces the film boiling heat flux. Until this
transition to film boiling occurs, the pool boiling heat flux increases with wall
temperature (or wall superheat). The point just prior to the transition is termed as the
“Maximum Heat Flux (MHF)” or the “Critical Heat Flux (CHF)”. The range of points
from boiling incipience to CHF is of particular interest to researchers because of the
ability of the surface to dissipate large amounts of heat with only a modest increase in

surface temperature.

Boiling literature dates back to 1756 when Ledienfrost [1] reported his observation on
boiling of water droplets. In this paper [7], he noted that the rate of evaporation of a

water droplet on a red-hot iron spoon would go up as the temperature of the spoon was



increased but with a limiting point after which the evaporation rate decreased.
Subsequently, Nukiyama [8] pioneered the “boiling curve” by plotting pool boiling heat
flux as a function of the wall superheat. He showed that contrary to the conclusions
derived by previous researchers, the heat transfer coefficient is not a monotonic function
of superheat. Through experimental results from the boiling on platinum, nickel,
nichrome wires as well as on the flat surface of a copper cylinder, he proved the
existence of CHF. Further, he also proved the existence of minima in heat flux

(Leidenfrost point), and thus pioneered the boiling curve.

Coolant selection for pool boiling plays an important role in determining the efficacy of
the cooling system. Water is a coolant with excellent transport properties. Its corrosive
nature and poor dielectric strength renders it unsuitable for application in electronic
component cooling in spite of its high latent heat of vaporization. This paved way for the
increasing popularity of “fluoroinerts”. Compared to properties of water, these fluids
have low latent heat of vaporization and specific heat. In spite of this shortcoming, the
high dielectric strength and compatibility with materials (e.g. low corrosiveness) have
resulted in their widespread use for cooling of electronic equipment. PF5060, FC-72 and
FC-87 (Manufacturer 3M Co., MN) are commonly used fluoroinert coolants. Since their
thermal transport properties are not as efficient as that of water, system modifications
have to be made to improve their performance. Boiling heat flux can be improved by
modifying the surface properties, increasing liquid sub-cooling and by increasing the

liquid pressure [9].



In their review, Rohsenow et al. [10] observed that the effect of surface characteristics
on pool boiling heat transfer depends on the thermophysical properties of the surface,
and surface micro-geometry. This occurs due to the interaction between the solid, liquid
and the vapor interfaces. Numerous surface modification techniques have been carried
out and their effect on nucleate boiling heat transfer have been studied. Porous surfaces
have been of great interest to researchers because of their potential for heat flux
enhancement. Examples of porous surfaces studied include a thin layer of porous
covering, layers of wire meshes or coatings of metallic granules [11-15]. Using one such
surface, Afgan and Jovic [11] observed a two-fold increase in q”cpyr compared to the
bare surface where q”cyr 1s the heat flux at the CHF point. A comprehensive study was
undertaken by Kaviany et al. [16] where different modulated porous layer coatings were
fabricated, experimentally studied and possible heat transfer modes explained. They
showed that one such coating with dual modulated structure height demonstrated a q”cyr
of 762 kW/m* compared to 245 kW/m? of the bare surface which is a three-fold increase.
In the recent past, Vemuri and Kim [17] studied the effect of nano-porous surfaces on
boiling. They found a 30 % decrease in the incipient superheat. It is interpreted that the
nano-porous surface increases the vapor/gas entrapment column and active nucleation
site density and thus reduces the incipient superheat compared to the plain aluminum
surface. Incipient superheat occurs because of the highly wetting nature of the
fluoroinerts compared to less-wetting fluids like water. They flood cavities that normally
serve as vapor entrapment sites. In such cases, bubble nucleation occurs from smaller

micro-cavities at higher superheats. Chang and You [18] studied the effects of micro-



porous surfaces on heat transfer. They estimated the superheated liquid layer to be 100
pum. Coatings that were thinner than this value were classified as “micro-porous” and the
rest as “porous”. The micro-porous surfaces displayed a greater enhancement in heat

flux at CHF compared to the porous surfaces and bare surfaces.

Studies were also undertaken by Honda et al. to observe the effect of micro-pin fins on
silicon surfaces [19, 20]. The micro-pin fins were fabricated using dry etching technique.
It was found that square pin fins with the largest width and height exhibited qcygr” values
four times as high as that of smooth surfaces with sub-cooling of 45 K. They further
studied the effect of micro-fins and submicron-scale roughness on boiling of FC-72.
They found that the fins with submicron-scale roughness showed the greatest
enhancement (1.8 — 2.3 times that of the bare surface) depending on the degree of sub-
cooling. Further, wall superheats at CHF for the enhanced surfaces were lower than the
accepted maximum limit of 85 °C for Large Scale Integration (LSI) chips. Rainey and
You [21] studied the effect of porous layer coatings on square pin-finned surfaces. Tests
were performed for different fin lengths. The authors reported that the enhancement in
CHF depended on the increase in active sites of the coating rather than the increase in

surface area of the fins.

Joshi et al. [22] studied seven different modified surfaces on pool boiling using PF5060
and de-ionized water. The enhanced surfaces included a silicon surface roughened by

dry etching, a carbon nanotube (CNT) coated surface, a surface with silicon pin-fin



microstructures, a surface with CNT pin-fin array and two 3D silicon surfaces (one
coated with CNTs on the top surface). They found that, using PF5060, the silicon 3D
structure exhibited the greatest enhancement of 2 times the qcyr’ that of a smooth
surface. The CNT coated surfaces showed enhancement in heat flux only at lower
superheats. Ujereh et al. [23] studied the effect of Multi-Walled-Carbon-Nano-Tubes
(MWCNT) coating on pool boiling. The nanotubes were 30 nm in diameter and 20-30
um in length. FC-72 was used as the working fluid and the coating was shown to

enhance the CHF by 60 % compared to bare surface.

1.1 Motivation for the study

The literature review above shows that pool boiling is a complex phenomenon with
numerous variables (parameters) affecting the boiling heat flux. The effect of pressure,
dissolved gas, heater orientation, and sub-cooling has been studied to great depths. The
thermal transport phenomena are complex and coupled non-linearly. Different types of
surface enhancements have proven to improve the heat transfer. Literature data shows
that nano-scale modifications have an effect on pool boiling [17, 22, 23] but the nano-
scale transport properties are not yet well understood. Existing theories of pool boiling
are largely based on continuum models (e.g., Hsu’s criteria for bubble nucleation [24]).
Since non-continuum flow occurs in the nano-structured surfaces the existing pool
boiling theories are not applicable for these conditions. Hence, there is a pressing need

for developing new theories for pool boiling on nano-structured surfaces.



1.2 Objectives

The objective of the present work is to experimentally study the effect of nano-scale
surface perturbations on pool boiling heat transfer. The experimental results can be used
to identify the dominant nano-scale transport mechanisms during pool boiling. Pool
boiling experiments are run on different types of nano-structured surfaces and the results
are compared with that of atomically smooth (bare) surfaces, for both nucleate and film
boiling. The experiments are performed for saturated as well as various sub-cooled
conditions. Suitable geometries and fabrication techniques are therefore identified for

obtaining the different nano-structured surfaces.

Pool boiling experiments are performed for three types of nano-structured silicon
surfaces and the results are compared with that of an atomically smooth single-crystal
silicon surface. These surfaces are patterned to obtain an array of cylindrical “nano-fins”
with a definite diameter, height, and pitch (longitudinal as well as transverse pitch). The
first surface is denoted as “/00 nm” to denote the nano-fin height of 100 nm. The
average diameter of the fins is 200 nm. The second test surface, denoted as “336 nm”,
contains nano-fins in the form of frustums of cones with 336 nm height with the
diameter ranging from 100 nm and 65 nm at the top and bottom respectively. The third
test surface is denoted as “259 nm”. This surface has cylindrical nano-fins of 259 nm in
height and 186 nm in diameter. All test surfaces have longitudinal and transverse pitches
of 0.9 um and 1 pm respectively. Pool boiling experiments are run on the above test

surfaces and also on a bare silicon test surface and the results are compared. Experiments



are run under saturation, 10 °C sub-cooling and 20 °C sub-cooling test conditions.

Experiments are also repeated 2-3 times to check for repeatability of results.

In addition to this, the effect of the nano-fin height on the contact angles for de-ionized
water and PF5060 is studied. The minimum superheat required for a bubble to grow
from a cavity is inversely proportional to the smallest radius the vapor bubble attains
during heterogeneous nucleation [9]. Literature data shows that during boiling
incipience, the initial vapor embryo size depends on the contact angle between the liquid
and the test surface [9]. Fluoroinerts are highly wetting fluids that make very low contact
angles with most surfaces. Larger cavities that tend to be vapor entrapment sites for less-
wetting liquids with larger contact angles (example water) get flooded by fluoroinerts
and boiling incipience occurs only at smaller surface cavities. When flooding of cavities
occurs, boiling incipience is difficult to predict. Fluoroinerts thus experience an
“incipience temperature drop” where the heated surface would need unusually high wall
temperatures before boiling initiates. Upon incipience, the vapors bubbles extract the
heat from the surface which leads to a sudden drop in the surface temperature. This
incipience temperature drop causes a “thermal shock” to the component and is
undesirable in electronic cooling. Thus, the liquid-surface interaction plays an important
role in boiling studies. Hence the effect of surface modifications on the contact angles is

also studied.



10

1.3 Document overview

The second section of this thesis describes the nano fabrication of the enhanced test
surfaces in detail. The third section explains the pool boiling experimental setup and
procedure. The data obtained from the experiments is analyzed and the corresponding
results are discussed in the fourth section. The final section reports the conclusions

derived from this investigation and identifies the future directions for research.



2. NANO-FABRICATION OF TEST SURFACES

The aim of the present investigation is to explore the effect of nano-scale surface
perturbations on pool boiling heat flux. The surface modification schemes should be
capable of creating a definite pattern of features and not a random nano-scale roughness.
For this purpose a simple square array of nano-scale silicon pillars (or “nano-fins”) were
chosen as the test features. This array was required to have a definite diameter, height
and pitch. A suitable patterning method had to be selected to fabricate these features on
silicon substrates. A number of advantages including ease of processing and relatively
lower overall costs encouraged the use of Step and Flash Imprint Lithography as the

patterning method.

2.1 Step and flash imprint lithography

The results from the present study are applicable for cooling of electronic devices. Thus
there was no better strategy than to choose a patterning method that is currently used in
the electronics industry. Advances in microelectronics have resulted in decreasing
feature sizes and increasing performance of electronic devices. Photolithography is one
of the most vastly employed device-patterning techniques even to-date. The resolution of
the pattern in such techniques is limited by the optics. As the feature sizes decreased the
resulting need for higher resolution in the photolithography process required lower
exposure wavelengths and higher numerical apertures of the lenses used in the

photolithography process. The photolithography equipments progressively became more
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sophisticated and the associated costs became prohibitive. As a result the need arose for
alternate lithography techniques that had significantly lower costs (capital costs and
operational costs). Nano Imprint Lithography (NIL) was invented as a solution to
mitigate the increasing costs associated with photolithography. It simplified the
lithography process by the use of silicon or silicon dioxide templates that contained the
inverse replica of the pattern to be formed on the device in the place of photo-masks.
Chou [25] and his group developed the thermal nano imprint lithography at Princeton.
The process initially involved the coating of the substrate with a polymeric material like
PolyMethyMethAcrylate (PMMA). The substrate is heated beyond the glass transition
temperature of the resist and the template containing the inverse of the pattern is pressed
onto the softened resist. The template is then withdrawn from the substrate once the
resist had filled up its recesses. The pattern is then transferred to the device on the
substrate through suitable etch steps. Patterns (or inverse replica of those on the
template) with 25 nm resolution were successfully created. Offsets of the above process
were developed, one example being the Step and Squish Imprint Lithography. This
technique, making use of a bi-layer on the substrate as opposed to the single PMMA
layer, allowed for greater etch selectivity after the pattern was pressed onto the resist.
The first layer on the substrate was an organic crosslinkable transfer layer above which a
silylated non-crosslinked imprint layer was coated. The transfer layer remains solid
while the imprint layer is softened when heated above its glass transition temperature.
The imprinting is done at elevated temperatures (140 °C) and pressures (600 to 1900

psi). This process was also successful in developing nano-scale features on the substrate.



The high pressures and temperatures used would not allow for effective use of this
technique for patterning multi-layer devices since the thermal and mechanical stresses
that the substrate is subjected to during the process hamper the alignment and overlay.
Following these shortcomings, the SFIL technique was developed at the University of

Texas at Austin [26].

The SFIL simplified the technique even more with the use of a low-viscosity, Ultra
Violet (UV) curable, silicon-containing resist. It is also called the “imprint resist” or
“etch barrier”. The substrate is first coated with an organic transfer layer. The SFIL
process makes use of a quartz template that is transparent to the UV source. The
template contains the inverse replica of the features to be patterned as in the NIL
process. The template is fabricated by Electron Beam Lithography (EBL). After the
transfer layer has been coated, a very small volume of the imprint resist is dispensed on
the substrate. The template is brought within close proximity to the surface of the
substrate. The low-viscosity imprint resist then fills up the recesses in the template by
capillary action. Once the resist is given enough time to fill up the recesses, it is cured
using the UV light through the template from the other side. The template is then
released from the substrate leaving behind the required pattern on the imprint resist.
Suitable etch steps then transfer the pattern to the substrate. The presence of silicon in
the imprint resist gives good etch-selectivity while transferring the features to the
transfer layer. This gives high aspect ratio features on the substrate. The SFIL process

steps is shown in Fig. 1
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The key advantage of this process compared to the NIL techniques is that with the
employment of a low-viscosity resist, it can be performed at room temperature and low
pressures unlike the former. Also, the low viscosity of the imprint resist allows it to
easily fill the recesses in the template irrespective of the nature of the pattern. In the case
of more viscous resists like the one used in NIL (PMMA), it takes more effort for the
resist to fill the recesses if the pattern consists of non-uniform pattern densities and
sometimes results in bad imprints. The following sections will describe in greater detail

the process steps used in SFIL for fabricating the required test surfaces.

2.1.1 Template fabrication

The template is the master that contains the inverse of the pattern that is to be transferred
to the silicon substrate. Once the template has been fabricated with as few errors as
possible, it can be used to create the same set of patterns on a number of substrates with
routine cleaning and surface treatment. The template used starts off as quartz blank
measuring 6 inch (15.2 cm) by 6 inch (15.2 cm) by 0.25 inches (0.635 cm). Four
templates measuring 6.5 cm by 6.5 cm by 0.635 cm can be fabricated from one such
blank. The center of each of these templates has a centrally positioned raised active
region called the “mesa”. The mesa region contains the inverse of the pattern to be
transferred to the substrate. The mesa can either be a 1 cm square or a 2.5 cm square.
The present study uses a template with 1 cm square mesa. The mesa is raised to 15 wm
height compared to the rest of the template. This is formed by etching the non-printable

areas on the template using suitable wet Buffered Oxide Etch (BOE) technique. The
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BOE solution used is typically 6 parts of 40 % NH4F and 1 part of 49 % HF. The quartz
blank with four potential templates is then diced, polished and beveled to obtain the
individual templates. The template is then cleaned using Piranha solution (2:1 mixture of
96 % concentrated sulfuric acid to 30 % concentration of Hydrogen Peroxide). The mesa
area is then coated with a 15 nm thick chromium layer. The pattern is then written on the
template using electron beam lithography. The chromium coating serves to avoid
charging during this process. The layer also serves as a mask for pattern transfer to
quartz during the etching process. The high oxide to chromium selectivity in

fluorocarbon based etches is taken advantage of for the pattern transfer into quartz.

Fig. 2 shows the process steps undertaken in the fabrication of the template. Prior to
writing the pattern using Electron Beam Lithography (EBL), the blank is first spin-
coated with a positive-tone electron beam resist ZEP520A (Zeon® Co.) to a thickness of
approximately 400 nm or lower. A JEOL JBX6000FS/E EBL tool was used at the MRC
(University of Texas at Austin) to write the pattern on the resist. The tool uses a
modulated electron beam to write patterns with structures as small as 20 nm. Typically a
layout editor such as L-Edit (Tanner EDA®, a division of Tanner Research®, Inc.) is used
to create a layout of the pattern to be created on the computer. This file is then converted
to a Graphic Design System (GDSII) file type. This is then loaded into the system which
then converts it into JDF (Job file), SDF (Schedule file) and corresponding exposure set-

up files to be read by the tool. The tool is then activated and the given pattern is exposed



on the resist (the help of Dr. Marylene Palard, MRC, University of Texas at Austin, in

the fabrication of the template is gratefully acknowledged).

Smaller the feature size, greater is the time required for the template fabrication. Typical
fabrication time for a single template was 20 hours; this required 12 hours for EBL as
well as 2 to 8 hours for etching and chrome deposition. The template with the 1 cm
square mesa was selected so that the entire mesa can be filled with the given structures at
a faster rate compared to a 2.5 cm mesa template. The patterned resist is then developed
by sitting in ZED-N50 developer (Zeon® Co.) for about 1 minute. The exposed regions
of the positive tone e-beam resist get dissolved in the developer. The template is then

rinsed thoroughly with Iso-Propyl-Alcohol (IPA).

Template is now ready for pattern transfer into the chromium layer. Dry chrome etch is a
chlorine gas based etch. The RIE (Reactive Ion Etching) is done in the Trion® Oracle
Plasma etcher’s third chamber that is compatible with chlorine gas chemistry. The
etching is performed in small time-steps with the template inspected between each step
using an optical microscope. Prior to chrome etching, the exposed regions have a shiny
color. Upon chrome etching, the regions not covered by the resist are removed by
plasma etching. This process is complete when the shiny color of the exposed regions

becomes dark in color.
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to scale).
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Once the chrome etch is complete, the pattern is transferred into quartz using CF4 based
etch, again using the Trion® Oracle Plasma etcher. Since the pattern written in the
present study was too intricate, the laser microscope was not powerful enough to
evaluate the quartz etch. For this purpose a Digital Instruments® Atomic Force

Microscope was used. The quartz etch is done to a target depth of 100 nm.

Once the pattern transfer to the quartz is complete, there may be some amount of
chromium still sticking to the surface. The template is wet etched with Transene®
solution until all the chromium is removed. Finally the process leaves behind a
transparent template with the inverse replica of the desired pattern on its 1 cm square

active area (or the mesa).

2.1.2 The pattern

The pattern created on the template is a square array of holes. These 100 nm deep holes
had an average diameter of 200 nm, and pitches of 1 wm in the longitudinal direction and
0.9 um in the transverse direction. Upon imprinting and etching into silicon using RIE,
this pattern is used to create 200 nm diameter cylindrical “nano-fins” with a height of
100 nm and pitches of 1 um in the longitudinal direction and 0.9 pm in the transverse
direction. By substituting the RIE technique for pattern transfer into silicon with Deep
Reactive Ion Etching (DRIE), fin-heights greater than 100 nm can be achieved. The
process along with the different materials used and their functions are explained in

greater detail below.
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2.1.3 The imprinting process

Imprinting is done on 4 inch double-side-polished silicon wafers. It is done using
IMPRIO 100 (Molecular Imprints® Inc.) imprinting tool at the Microelectronics
Research Center (University of Texas at Austin). The IMPRIO 100 is essentially a high
precision semi-automatic mechanical tool that allows for monitoring and performing the

imprinting process.

2.1.3.1 Piranha clean

The wafers are first cleaned to ensure that small particles and residual organic matter are
removed from the surface. For this, a piranha clean is done in an acid hood. The wafers
are loaded on a wafer holder and set aside. The piranha solution is prepared by slowly
adding 1 part of hydrogen peroxide to 2 parts of sulfuric acid. Typically 1650 ml sulfuric
acid is taken in a quartz container. 825 ml hydrogen peroxide is then slowly added to the
sulfuric acid. Care is taken to ensure that the sulfuric acid is not added to the hydrogen
peroxide as this may lead to a violent reaction. The measurement is done using
graduated beakers. The normal reaction is exothermic and the solution starts to bubble.
The mixture is allowed to sit for 5 minutes to stabilize after which the wafer holder is
lowered into the solution. The mixture is a strong oxidizer and it effectively removes
organic residues from the substrates. The solution is allowed to react on the substrates
for 8 to10 minutes. The substrates are then taken out from the solution and rinsed with
de-ionized (DI) water in the cascade rinser that is part of the hood. Here two 5-rinse

cycles are completed. Once this is done, the substrates are loaded into a Verteq®
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Spin/Rinse Dryer (Akrion, Inc.) for drying. The clean silicon substrates are then
carefully loaded in a wafer box that has been wiped clean with a clean-room wipe
sprayed with Iso-propyl alcohol (IPA). The silicon wafers are now ready to be coated
with the transfer layer. The advantage with this process is that the substrates that did not
experience a good imprinting session can be reclaimed using the above process before
re-use. The template is also cleaned in a similar fashion before the imprinting process
with the exception that it is left in the piranha solution for abo